The principal forms of amino nitrogen transported in xylem were studied in nodulated and non-nodulated peanut (Arachis hypogaea L.). In symbiotic plants, asparagine and the nonprotein amino acid, 4-methyleneglutamine, were identified as the major components of xylem exudate collected from root systems decapitated below the lowest nodule or above the nodulated zone. Sap bleeding from detached nodules carried 80% of its nitrogen as asparagine and less than 1% as 4-methyleneglutamine.
Despite the importance of peanut (Arachis hypogaea L.) as an oil or protein seed crop, relatively little research has been directed at the assimilation and metabolism of nitrogen in the species.
The classic study ofFowden (7) identified the unusual substituted amide, 4-methyleneglutamine, as the major form of nitrogen transported in xylem from roots to shoot and leaves of peanut seedlings, and a more recent study (23) confirmed this finding in showing that both 4-Megln2 and the free acid 4-methyleneglutamic acid were synthesized rapidly from cotyledon nitrogen following germination. Winter et al. (23) levels of 4-Megln and 4-Meglu in tissue pools of soluble N declined only gradually during plant growth, even under conditions of severe N deficiency, and prolonged 14CO2 feeding studies provided little or no evidence ofnet synthesis ofeither compound following germination. This paper reassesses the nitrogen metabolism of peanuts by identifying the principal forms of newly assimilated nitrogen transported in xylem and determining whether analysis of xylem sap offers promise as a technique for evaluating the dependence of plants on symbiotically fixed or combined forms of nitrogen. Use is made of nodule xylem sap collection and '5N2 feeding to identify products offixation, while '5N-nitrate feeding and NR assays are used to relate xylem sap composition to patterns of nitrate assimilation.
MATERIALS AND METHODS

PLANT MATERIAL AND EXPERIMENTATION
Identification of the Reduced Forms of Nitrogen Exported from the Root and Nodule (Water Cultured Plants). Seeds of the study species (Arachis hypogaea L. cv. Virginia Bunch) were germinated in trays of sterilized sand (some uninoculated, others inoculated at sowing with pure peat cultures ofRhizobium strain CB756; Group I; Agricultural Laboratories, Regents Park, NSW, Australia). Groups of four seedlings were transferred a few days after emergence to 3.5-L containers ofaerated, N-free, one Groups ofplants from each ofthe three treatments (symbiotic-N, uninoculated-N, and +20 mm nitrate) were harvested at week 6, and xylem exudates were collected as bleeding sap from plants decapitated at either the top of the root, at a site on the root below the lowest nodule, or from detached nodules placed on moistened filter paper in a Petri dish (13) . All (14) .
A further group of peanut seedlings was fed with 2, 5, 10, or 20 mm nitrate, and the NR (EC 1.6.6.1) of roots or shoots was extracted 6 weeks after sowing, by grinding (1 g: 3 ml and 1 g: 5 ml, respectively) with ice-cold K-phosphate (50 mM, pH 8.5) containing 5 mM EDTA, 1% (w/v) casein, and 2.5% (w/v) insoluble PVP in a chilled mortar. Preliminary investigations indicated that 20 mm cysteine or glutathione also had to be included in the extraction buffer to give the maximum yield of stable NR activity. Enzyme activity of the supernatant was determined immediately after centrifugation (20,000g for 10 min at 4°C) using the assay procedure described by Wallace (22) .
Analysis of Nitrogenous Solutes. Concentrations of amides and other amino acids in sap samples and tissue extracts were determined following their separation by an ion-exchange resin HPLC system based on lithium buffers and employing postcolumn ninhydrin detection (17) . Ureides (allantoin and allantoic acid) were either measured together as the phenylhydrazone of glyoxylate (21), or separately on a Varian 5000 HPLC system (UV detector operating at 210 nm) employing an Aminex (BioRad Chemical Division) HPX-87H column eluted at room temperature with 8 mM HSO4. Nitrate was determined by a salicylic acid method (6) .
'5N Analysis of Plant Total N or Amino Compounds. Enrichment of '5N in labeled total N or in N of individual N solutes was measured using a triple ion collector, dual inlet mass spectrometer (VG SIRA 9; VG Isogas, Middlewich, Cheshire, UK), incorporating a direct inlet line from a hypobromite oxidation system (19) . The (Fig. 1) . The concentration of total sap N varied between 70 4g/ ml (lower root xylem sap) and 7 mg/ml (nodule bleeding sap).
Asparagine and 4-Megln were the major components ofbleeding (xylem) exudate collected from all parts of nodulated roots ( Fig. 1 in air), glutamine (61% of control), and glutamate (32% of control). However, concentrations of other amino acids (particularly 4-Megln, aspartate, and arginine), remained between 88 and 100% of the air control plants. The fall in level ofasparagine from 40 to 17.5 ,mol/g fresh weight represented the largest single drop for an amino acid in the nodule, suggesting a close association with symbiotic N2 fixation. Figure 2 details the time-course of "N-enrichment and the relative abundance (percent of total N) of various nitrogenous compounds in the nodule soluble-N pool and in root bleeding xylem exudate following labeling of intact nodulated plants with "5N2. Substantial '"N-enrichment was found in the asparagine and glutamine of nodule extracts ( Fig. 2A) and in asparagine, aspartate, and glutamine in root xylem exudate collected just above the nodulated zone (Fig. 2B) . Considerable incorporation of "N also occurred into glutamate (from 2.6 to 12 atom % excess from 1.5 to 3 h after the commencement of "IN2-feeding) and alanine (between 3 and 4 atom % excess during the period 1.5-6 h) in nodule extracts. Virtually no enrichment, however, was recorded for 4-Megln (Fig. 2) , even up to 24 h after "N2-feeding (data not shown), despite the fact that this compound represented a large proportion ofthe nodule soluble-N pool ( Fig.  2A) . Asparagine represented between 76 and 96% of the total "N recovered in nodule extracts or xylem exudates, indicating its predominant role in transport of currently fixed N to the shoot. Analysis of the distribution of '"N in the amide-N and amino-N of aspargine collected from nodules after 1 h of "N2-feeding showed a 4.7 atom % '"N in the amide group and a 2.7 atom % '"N in the amino group, implying differences in the rates of equilibration of "N with the precursor pools of amide and amino N supplying asparagine. Compartmentation with respect to the resident pools of soluble-N and the transport pool of the nodule was also apparent (Fig. 2) since "5N-enrichments of the amides in xylem sap were initially much higher, yet declined far more rapidly than the soluble-N pool ofthe nodule. This implied preferential loading into xylem of metabolically active pools of amino compounds in rapid equilibrium with the fixation process.
Changes both compounds (4-Meglx) per plant remained fairly stable throughout much of the experimental period, declining slightly at the beginning of seed development (around 70 d after sowing). Pools of other free amino acids rose significantly during plant growth.
Xylem sap analysis showed 4-Megln to be the principal amino acid transported in xylem during the early seedling development (>80% of total sap N), but once an effective symbiosis had been established, there was a progressive increase in the proportion of xylem N as asparagine (Fig. 4) . The relative contribution made by aspartate and other protein amino acids to xylem translocated N remained relatively unchanged between 16 and 76 d after sowing (Fig. 4) .
Xylem Transport of Nitrogen in Nodulated Peanut Fed a Range of Levels of '5N-Nitrate. Isotopic analysis of dry matter of plants raised on different '5N-labeled nitrate regimes indicated an increasing dependence of the root, shoot and nodules upon nitrate as the level of applied nitrate was increased from 1 to 30 mm (Fig. 5A) . At the highest level of nitrate (30 mM) the proportion of total N derived from fed nitrate was around 70% in the shoot and root but only 46% for the nodules. Although the dependence of the nodules upon nitrate was somewhat lower than the other organs, the shoot and root N content so dominated total plant N (nodule contribution fell from 3 to 0.6% of total plant N at the highest nitrate level) that the proportion of plant N derived from fed nitrate increased from 3.8% at 1 mm nitrate to 70.7% at 30 mm (Fig. 5B) . Plants accumulated between 120.9 and 157.4 mg N in the 8 weeks after sowing, and, assuming that the full N reserves of the seed (42.4 mg N) had been available to the plant, all remaining plant N not attributable to the '5N-labeled nitrate was designated as originating from N2 fixation (Fig. SB) .
The xylem sap composition ofthe treatments (Fig. 6A) showed a substantial decline in the relative asparagine content and a compensatory increase in sap nitrate as increased nitrate levels caused plants to acquire less of their N from fixation. NR activities of root and shoot extracts from peanuts fed a range of nitrate levels (Table I) indicated that the nitrate reducing capacity of both organs increased significantly as root medium nitrate concentrations were raised. Activities in the shoot, however, were higher than those in roots at each nitrate dose, indicating a dominant role of the shoot in nitrate assimilation. Changing relative contributions of root and shoot nitrate reduction with increasing nitrate levels were apparent in the compositional relationships depicted in Figure 6B DISCUSSION The first stable product of N2 fixation in legume nodules is ammonia (3), which is released from the bacteroids (5) to be rapidly incorporated into the glutamine and glutamate pools of the host cells of the nodule (10) (11) (12) . Although the glutamine and glutamate components of peanut nodules were found to be readily enriched with '5N following '5N2-gas feeding of nodulated roots, little incorporation of '5N took place into the glutaminederived 4-Megln (Fig. 2) . With 4-Megln clearly not associated with the assimilation and transport of recently fixed N2, its presence in xylem exudates of both symbiotic and nitrate-fed plants (Figs. 1 and 6) , presumably represented the recirculation of a large pool of the compound synthesized at germination from seed storage reserves of N (23) . A cotyledonary origin of 4-Megln was substantiated in the present study by temporal changes in its levels in cotyledons (Fig. 3B ) and xylem sap (Fig. 4) during germination and by its dominance of xylem N in non-nodulated plants maintained on N-free nutrients (Fig. 1) . Following the net synthesis of 4-Megln and 4-Meglu during early growth, the total pool of these compounds within the plant remained relatively constant throughout much of the vegetative and early reproductive phases of development (Fig. 3C ) and declined only very slowly during severe N-deficiency (23) . It seems likely, therefore, that 4-Megln and 4-Meglu do not play a major role in the Neconomy of peanuts, although 4-Megln may represent a large component of transport N throughout much of early growth (Fig. 1) . It is beyond the scope of the presept study to speculate upon the significance of the high levels of 4-Meglu and 4-Megln found; however, it has been suggested elsewhere that such nonprotein amino acids may be involved with regulation of metabolic reactions or are important in protection of plants from pathogens or insect pests (8) .
Asparagine was the principal carrier of newly assimilated '5N in both nodule extracts and root bleeding xylem exudate (Fig. 2) following '5N2-feeding. It was also the major amino compound (80% of total N) in bleeding sap from detached nodules (Fig. 1) and was the main amino acid to disappear from the nodulesoluble N pool during a period of N2 starvation. It is difficult to totally reconcile the differences between the present investigation on effectively nodulated peanut plants and previous studies (7, 23) which found very little asparagine in peanut xylem exudates. In the earlier study (7), 3-week-old plants were used, so it was perhaps not surprising that asparagine assumed a minor role (see Fig. 4 ). The more recent study (23) reported that asparagine remained a small component of xylem N up to 90 d after sowing. It is possible that cultivar or cultural differences may have favored 4-Megln persistence; alternatively, treatments imposed by the previous workers both prior to and during analysis might have affected amide recovery. The present paper and other unpublished results suggest that asparagine is invariably a major component of xylem exudates collected from a range of cultivars grown and analyzed in two different laboratories.
Asparagine appeared also to represent a transported product of nitrate reduction in non-nodulated plants (Fig. 1) . However, an increased reliance of nodulated plants on inorganic N resulted in a substantial fall in xylem levels of asparagine relative to nitrate (Fig. 6A) . Although in vitro measurements of NR activity may not indicate the actual rate of nitrate assimilation in situ, NR is an inducible enzyme, the activity of which is related to the flux of nitrate through metabolic pools (20) . Assuming that the in vitro assays indicate the potential for nitrate reduction in plant tissue (22) , the responses of the shoot and root reductase systems to changing nitrate supply (Table I) appear to be consistent with the increased levels of nitrate detected in the xylem stream. Thus, the shoot seems to play a progressively more important role in the reduction and assimilation of inorganic N with increasing nitrate levels in the rooting medium.
Since the bulk of the nitrogenous solutes of xylem sap are likely to represent current products ofN uptake and assimilation, and since there are substantial differences in sap composition between N2-and nitrate-fed peanut plants, it may be possible to devise some form of assay system based on xylem sap analyses, similar to those developed for ureide-exporting legumes (9, 14) , to assess plant reliance on symbiosis in the presence of nitrate. Such an objective may not be as easily achieved with peanut as for ureide-producers, however, because there is no N-solute specific to either N2 fixation or nitrate assimilation. The use of nitrate itself depends upon a correlation between the concentration of this ion, its rate of uptake and the extent of storage, assimilation and reduction within the root. Nevertheless, it may be feasible to use the relative amino acid and nitrate contents of xylem exudates as indirect measures of symbiotic dependence. Three relationships which may be useful for peanut were examined, namely, the proportion of sap N as asparagine, the ratio of asparagine:nitrate, and the ratio of nitrate:total amino acid N. The first two parameters were shown to fall progressively and the third to rise substantially with decreasing plant dependence upon symbiosis (Fig. 6B) 
